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Abstract 

The progression of tumors to the metastatic state involves the loss 
of metastatic suppressor functions. Finding these, however, is diffi- 
cult as in uitro assays do not fully predict metastatic behavior, and 
the majority of studies have used cloned cell lines, which do not 
reflect primary tumor heterogeneity. Here, we have designed a novel 
genome-wide screen to identify metastatic suppressors using 
primary human tumor cells in mice, which allows saturation screens. 
Using this unbiased approach, we have tested the hypothesis that 
endogenous colon cancer metastatic suppressors affect WNT-TCF 
signaling. Our screen has identified two novel metastatic suppres- 
sors: TMEDS and S0X12, the knockdown of which increases meta- 
static growth after direct seeding. Moreover, both modify the type 
of self-renewing spheroids, but only knockdown of TMED3 also 
induces spheroid cell spreading and lung metastases from a subcu- 
taneous xenograft. Importantly, whereas TMEDS and S0X12 belong 
to different families involved in protein secretion and transcriptional 
regulation, both promote endogenous WNT-TCF activity. Treatments 
for advanced or metastatic colon cancer may thus not benefit from 
WNT blockers, and these may promote a worse outcome. 
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Introduction 

Nearly one-half of patients with advanced local colon cancer will 
develop metastasis in the liver and these carry a life expectancy of less 
than 1 year (Rothbarth & van de Velde, 2005; Gallagher & Kemeny, 
2010]. Understanding how metastases are normally suppressed could 
open new therapeutic avenues. A number of metastatic suppressors 



have been identified and these include membrane, nuclear and cyto- 
plasmic factors with highly divergent functions, such as mitogenic, 
survival, RNA modulation and cell-cell signaling regulation (Rinker- 
Schaeffer et al, 2006; Mehlen & Puisieux, 2006; Pencheva & Tavazoie, 
2013). Such variety likely reflects the multiple strategies metastasiz- 
ing cancer cells use, but the heterogeneity makes the choice of compo- 
nents to target uncertain. In addition, defining metastatic suppressor 
functions remains difficult, and the heterogeneity mentioned above 
could derive from limited in vitro assays and the use of clonal cell 
lines, neither of which recapitulates in vivo metastases. A more 
comprehensive view of metastatic suppressors is thus urgently neces- 
sary, and this must use in vivo selection of metastatic cells and rele- 
vant primary human cancer cells that have not been cloned. 

In contrast to metastatic suppressors, targeting common tumor- 
initiating oncogenic events has generated enthusiasm since these are 
thought to be required at all stages of tumor progression, including 
metastasis. The common tumor-initiating event in human colon 
cancers is hyperactive WNT-TCF signaling, usually through mutation 
of the negative regulator adenomatous polyposis coli (APC] and the 
consequent constitutive activation of P-CATENIN, which then inter- 
acts with nuclear TCF/LEF factors to regulate target gene transcription 
(Morin et al, 1997; MacDonald et al, 2009; Valenta et al, 2012). 

The idea that WNT-TCF signaling is essential from the formation 
of benign adenomas to the expansion of lethal metastases (Kinzler & 
Vogelstein, 1996) has led to great efforts to block WNT-TCF function 
with small molecules for therapeutic purposes, aiming to eradicate 
so far incurable metastases (Anastas & Moon, 2013). This idea is 
based on three key results: (i) The majority of human colorectal 
cancers harbor deletions in APC (Kinzler & Vogelstein, 1996); (ii) a 
dominant-negative form of TCF [dnTCF), which blocks all TCF/LEF 
function, inhibits the proliferation of early and advanced human 
colon cancer cells in vitro (van de Wetering et al, 2002); and (ill) 
constitutive activation of the canonical Wnt-Tcf pathway by loss of 
Ape induces intestinal adenomas in mice (Su et al, 1992). 

The requirement of WNT-TCF in advanced colon adenocarcino- 
mas and metastases, however, has been recently challenged (Varnat 
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et al, 2010) based on a number of findings: (i) The levels of expression 
of WNT-TCF target genes are downregulated in advanced colon 
cancers of patients with metastases and in liver metastases, as 
compared with local tumors without metastases; (ii) in vitro culture 
imposes WNT-TCF-dependency to advanced colon adenocarcino- 
mas and metastases; and (iii) WNT-TCF pathway blockade by 
dnTCF in human colon cancer cells enhanced metastatic growth in 
the lungs of host mice after direct cell injection into the circulation. 
However, it remained unclear whether endogenous metastatic 
suppressors would affect, directly or indirectly, WNT-TCF function. 

To address these issues and provide a general view of metastatic 
suppressor functions in primary cancer cells, we have designed a 
novel genome-wide screen strategy in vivo: Marked human cancer 
cells with specific genetic alterations (e.g. expressing shRNAs) are 
selected for enhanced metastatic behavior in mice. Importantly, 
screens can reach saturation in independent hosts, thus providing a 
comprehensive view. 

We have implemented this novel and unbiased assay to provide 
the proof of principle of its usefulness with one primary colon cancer 
cell population. Moreover, this allowed us to test the hypothesis 
derived from our previous work (Varnat et al, 2010] that at least some 
endogenous colon cancer metastatic suppressors should affect WNT- 
TCF signaling, as assayed by the determination of pathway-specific 
TCF target gene signatures. Here, we report the identification of two 
genes with novel in vivo metastatic suppressor functions: TMED3 and 
S0X12. These two very different proteins share a common function in 
supporting endogenous TCF target responses, but may function at 
opposite ends of the WNT-TCF signaling cascade. TMED3 is a 
member of a family of p24 proteins previously involved in WNT 
hgand secretion through the endoplasmic reticulum (ER)-Golgi system 
(Buechling et al, 2011; Port et al, 2011). S0X12 is a nuclear transcrip- 
tion factor and member of the SOXC family that includes SOXl 1 and 
S0X4, which regulates p-CATENIN/TCF transcriptional output (Sinner 
et al, 2007). Whereas both affect the type of spheroids formed in 
clonogenic assays in vitro and metastases in vivo after direct injection 
into the circulation, only interference with the function of TMED3 
induced full metastasis from a primary subcutaneous xenograft to a 
distant organ. Our data validate a novel assay for metastatic suppres- 
sors in vivo using primary human cancer cells and identify two novel 
metastatic suppressors that are positive WNT pathway regulators. 
Together with previous work (Varnat et al, 2010), the results suggest 
that, paradoxically, endogenous WNT signaling simultaneously 
promotes primary tumorigenesis and prevents metastasis. 

Results 

A novel genome-wide in uiuo screen for metastasis suppressors 
witli primary liuman colon cancer cells 

To perform the screen in a primary human colon cancer, we have 
used early passage primary CC14 Tumor-Node-Metastasis 4 (TNM4) 
human colon cancer cells (Varnat et al, 2009] since these maintain 
the original morphology and form characteristic epithelial islets in 
vitro and crypt-like tumor structures in vivo in xenografts (Fig lA; 
Varnat et al, 2009, 2010). CC14 cells belong to the transit amphfy- 
ing/inflammatory type (Supplementary Fig SI) according to a recent 
classification scheme (Sadanandam et al, 2013). 



CC14 cells were transduced with a lacZ* lentivector to allow the 
visualization of pGal* cells (Stecca et al, 2007). 2 x 10^ CCU''^^* 
cells were additionally transduced with a genome-wide lentiviral 
shRNA library or with the empty pSIH-GFP vector used for library 
construction as control at a multiplicity of infection of 1-2 (Fig lA), 
representing 10-fold the library size of 2 x 10^ independent 
shRNAs. After 4-fold expansion, 1 x 10'' library-expressing or 
control cells were injected into each of eight nude mice intrave- 
nously so that every injected mouse received cells with 5-fold cover- 
age of the shRNA library. Intravenous injection leads to the efficient 
seeding of the lungs within 15-60 min (Mendoza et al, 2010; data 
not shown; see Materials and Methods) . 

Eight weeks after tail vein injection, the lungs of host mice 
were dissected and one right lobe of each mouse was stained for 
pCal* metastasis visuahzation. 5 of 8 mice showed increased 
number of pGal* metastases (Fig IC-E) over controls (Fig IB). 
The lobes were each cut into 5-10 (for each right lobe) or 20 (for 
the left lobe) slices, and the DNA of each sUce amplified by PGR 
to detect and clone shRNA inserts present in metastatic tumor 
cells. Sequencing revealed that about half of the slices contained 
metastatic human cells with 1-5 independent shRNAs per PGR* 
slice (Fig IF), indicating a high incidence of independent meta- 
static sites. 

Two shRNA sequences targeting TMED3 and SOXl 2 were repeat- 
edly found in 4 of 5 animals with increased pGal* metastases and 
in 11 of 49 and 5 of 49 PGR* sUces, respectively (Fig IF), indicating 
that the screen was near saturation. 

The top 7 candidates (Fig IF) were first tested for target mRNA 
expression. Three of them (,CD163, HIC2 and KERATIN6B] were not 
detected in CC14 cells, suggesting off-target effects of the respective 
shRNAs. The remaining four were retested individually in the 
original pSIH-GFP* lentivector (Fig 2A and B), and all yielded 
increased metastatic colonies over controls. 

Secondary analyses with an independent shRNA in a different 
lentivector backbone (pGIPZ-GFP*), with targeting efficiencies of 
50-90% (Supplementary Fig SI), confirmed the metastatic suppres- 
sor activity of only two genes: TMED3 and S0X12 (Fig 2C and D), 
which were also the top hits of the screen (Fig IF). These two genes 
were found to be widely expressed in various primary and colon 
cancer cell hues (Supplementary Fig SI). 

The shRNA targeting TEADl, which encodes a mediator of the 
HIPPO-YAP pathway (e.g. Zhao et al, 2011), was the second most 
abundant shRNA (4.4% of all sequences vs. 6.6% for shTMEDS 
and 2% for shSOXU; Fig IF). Even though the second shRNA 
against TEADl did not yield more metastases, we sought to further 
address the role of this pathway by targeting YAPl itself, given that 
there are multiple TEAD family members with overlapping func- 
tions (Sawada et al, 2008; Zhao et al, 2011) and, importantly, that 
TEAD- YAPl function has been previously implicated in colon 
cancer (Lamar et al, 2012; Chen et al, 2012; Rosenbluh et al, 
2012). Tail vein injection of cells expressing shYAPl did not 
increase the number of metastases, supporting the second sliTEADl 
result. Since GC14 cells alone form few lung colonies, we sought to 
use fully immunocompromised NSG mice in which these cells form 
more metastases to test whether YAPl inhibition could in fact have 
the opposite effect. Injection of viable CCli-shYAPl cells into the 
circulation of NSG mice resulted in the near complete loss of 
metastatic colonies (Fig 2E, Supplementary Fig S2), supporting a 
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Figure 1. In uiuo screening for metastatic suppressors in CC14 colon cancer cells. 

A Scheme representing the in uiuo shRNA library screening approach in nude mice leading to the identification of pro-metastatic shRNAs as described in the text 
B, C Representative images of left lung lobes from mice injected with control CC14 (B) or shRNA library-infected CC14 (C) cells after dissection and staining with X-Cal 

to reveal LacZ* human colon cancer metastatic cells. Inset in (B) shows a small and rare metastasis in the control condition at high magnification. Arrows (C) 

indicate stained metastases. Scale bar = 2 mm. 
D, E High-magnification images of lung metastases from mice injected with shRNA library-infected CC14 cells. Scale bar = 400 ^im. 
F Summary of the quantification of PCR* lung, slices and total sequences per candidate gene. 



pro-metastatic role of this pathway, behaving in the opposite 
manner to shTMED3 and shSOXU. 



Interference with TMED3 or S0X12 confers a competitive 
advantage in uiuo 



Knockdown of SOX12 and TMED3 enhance metastases in HT29 
colon cancer cells 

To extend the findings in CC14 cells with TMED3 and S0X12 
presented above, we used HT29 human colon cancer cells to test the 
effects of shTMEDS and shSOXlZ (Fig 3). Both reduced expression of 
the respective targets by 80-90% in vitro (data not shown) and 
enhanced metastases in vivo (Fig 3B) with variable penetrance. In this 
context, S0X12 KD yielded the strongest phenotype (Fig 3B and C). 



The ability of knockdown of TMED3 and S0X12 to increase metastatic 
seeding and size could result from enhanced cell proliferation. BrdU 
incorporation analyses did not reveal differences between shTMEDS, 
shS0X12 and control cells (Supplementary Fig S3). Similarly, no 
growth enhancement was detected in subcutaneous tumors in nude 
mice composed of 100% shTM£D3-GFP* -sorted or 100% shS0X12- 
GFP * -sorted cells as compared with controls (Supplementary Fig S3) . 

However, in vivo red/green competition assays (Fig 4A; Varnat 
et al, 2009; Zbinden et al, 2010) showed that both shTMED3 and 
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Figure 2. In uiuo validation of metastastic suppressor candidates. 

A Scheme of tail vein injections into nude mice used to validate individual targets. 

B, C Histograms of the number of metastases obtained after injection of cells carrying different candidate shRNAs as noted. Two different shRNAs in different backbones 

were used for each target: SIH (B) and GIPZ (C). 
D GFP fluorescence images of a whole left lung lobe from shSOXll and sJiTMEDJ-injected mice. The lobe contour is denoted by a white line. Scale bar = 2.5 mm. 
E Histogram of the quantification of LacZ^ metastases (left) and images of representative left lobes after X-Cal staining (right) for control cells and cells carrying an 

shRNA targeting YAPl. Scale bar = 4 mm. 

Data information: (B, C, E) n = 3 mice per condition. Error bars = ±s.e.m. 



shS0X12 endowed GFP -expressing cells with an advantage as 
compared with sibling CC14 cells transduced with a lentivector 
expressing RFP in subcutaneous grafts (Fig 4B] . This advantage was 
enhanced upon in vivo passage and could be seen in whole tumor 
imaging (where overall tumor size did not vary; Fig 4B) and in 
FACS analyses of dissociated tumor cells (Fig 4C and D). Red/green 
assays with shYAPl-GFP* CC14 cells injected subcutaneously into 
nude mice revealed that YAPl is cell autonomously essential for 
tumor growth as green cells disappeared from the tumor (Fig 4E 



and F, Supplementary Fig S4), again showing the opposite pheno- 
type of shTMEDS- and shSOXJ 2-expressing cells (Fig 4B and D). 

Knockdown of TMED3, but not S0X12, induces full metastasis to 
distant organs in uiuo 

To test whether knockdown of TMED3 or S0X12 could promote 
full metastasis from a primary tumor to a distant organ, we subcuta- 
neously grafted CC14 lacZ* cells expressing pSIH lentivectors into 
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Figure 3. shS0X12 and shTMED3 enhance metastases from HT29 colon cancer cells. 

A Scheme of tail vein injections into nude mice. 

B Quantification of the number of metastases by metastasis size n control (shCD153) cells and in cells expressing shTMED3 or shSOXll in the SIH lentivector backbone 
as indicated. 

C Representative images of X-Cal-stained left lungs (left panels) and details of metastases (right panels) from mice harboring cells as indicated. Scale bar = 2 mm (left 
panels), 400 nlVl (right panels). 



nude mice and scored for the presence of Pgal* colonies in tlie 
lungs (Fig 5A). Control cells yielded few lung Pgal* colonies and 
the same result was obtained with shSOXlZ or shKERATINSB 
tumors (Fig 5B and C], the latter used as an additional control (see 
above, Fig IF). shTMEDS subcutaneous tumors, in contrast, yielded 
3- to 6-fold more and larger metastases using SIH or GIPZ back- 
bones (Fig SB, D and H; Supplementary Fig S5). Importantly, this 
was not due to an increase in tumor weight (Fig 5C and E] . 

To extend the result that shTMEDS enhances full metastases, we 
used NSG mice, which are more permissive as they are fully 



immunocompromised (Fig 5F). Subcutaneous engraftment of 
shTM£D3-expressing cells into NSG mice resulted in the formation 
of more and larger lung metastases as compared with control lenti- 
vector-transduced cells (Fig 5F, G and I, Supplementary Fig S5). 

Both TMED3 and S0X12 promote large colon cancer stem cell 
sphere formation, but only TMED3 promotes sphere compaction 

To begin to delineate the function of TMED3 and S0X12 in colon 
cancer stem cells, which may underlie metastases (e.g. Sampieri & 
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Figure 4. In uiuo Red/Green competition assays. 

A Scheme of the in uiuo red/green competition assay used to test the effect of individual shRNAs (see Varnat et al, 2009; Zbinden et al, 2010). Here, lentivector- 
transduced experimental GFP* green and control transduced RFP* red cells are mixed in equal amounts and co-injected in uiuo. 

B-F Fluorescent images of two (top and bottom rows in each case) representative subcutaneous tumors for each condition after one (E) or two (B) in uiuo passages, 
with shRNAs as noted in the figure. Green color indicates a predominance of GFP signal, whereas red color indicates a predominance of RFP signal. In control 
conditions with an empty GFP* lentivector, the tumors retain similar amounts of RFP* and GFP* cells and the merged signals give a yellow color (C) Quantification 
of the GFPVRFP* cell ratio, as determined by FACS analyses after cell dissociation, of control, shTMEDS and shSOXll tumors over 2 passages in uiuo as noted. 
Representative FACS plots of red and green populations for the given conditions. Note the opposite behavior of shSOXlZ and shTMED3 (D) as compared with shYAPl 
(F; Supplementary Fig S4). Scale bar = 3.5 mm. 
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Figure 5. Induction of full metastasis in uiuo by Inteii'erence with TMED3. 

A Scheme of the subcutaneous-to-!ung metastatic assay in uiuo used with CC14 cells in nude or NSC mice. 

B-C Images of left lobe lungs from nude (B, D) or NSG (F) mice after X-Gal staining at different magnification. Images in (B) and (F right panels) show high 

magnifications. Arrows indicate LacZ* metastases detected after the X-Gal reaction. Insets show additional metastases at high magnification. Histograms of the 
number of metastases detected in three independent experiments with the shRNAs in the SIH lentivector backbone in nude mice (C) or in the GIPZ lentivector 
backbone either in nude (E) or in NSG (G) mice. The x-axes represent the total tumor weight carried per animal in mg. Ihey-axes represent the metastatic index 
which is the number of metastases divided by the tumor weight per animal. The metastasis index incorporates the variable of tumor size as larger tumors tend to 
give more metastases in general. The graphs of metastasis index plotted against tumor weight thus allow the easy visualization of tumor behavior as a given cell 
type gives a characteristic metastatic index along tumor weight in a given animal model. Number of mice was for (C); 8 for control, 11 for shTMEDS, 10 for 
shSOXU. 4 for shKERATINSB (shKer); for (E): 6 for control, 6 for shTMEDS; for (G): 4 for control, 4 for shTMEDS. Scale bar = 250 |.im (B, D, F right panel), 100 |.iM 
(insets in B, D), 3.5 mm (F left panels). 

H, I Quantification of metastases counted in the experiments shown in (E) and (G), respectively, ranked by the size of metastases as noted. Error bars = ±s.e.m. 
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Fodde, 2012], we first analyzed the effects of their l<nockdown in 
anchorage-independent clonogenic colonospheres, or spheroids, 
which report the ability and number of colon cancer stem cells to 
self-renew and form such clones. Whereas control and shTMEDS or 
shS0X12 showed only minor differences in the total numbers of 
spheroids (90 for control, 72 for shSOXU, and 78 for shTMEDS in 
triplicates with P > 0.05 in both cases as compared with controls), 
the types of spheroids formed varied (Fig 6). 

CC14 cells formed two types of spheroids: large and small 
spheroids (of about half the volume of the large ones), and both 
were detected at a frequency of -15% (Fig 6A and B). Cells with 
compromised S0X12 function showed a reduction by half in the 
number of large spheres while maintaining the same number of 
small spheroids formed as compared with controls (Fig 6A and B), 
arguing that S0X12 is required for the robust formation of large 
spheroids. 

In contrast, shTMED3 produced a ~1 0-fold decrease in large 
spheres and normal small spheroids were reduced in number to 
about one-third (Fig 6A and B). The majority of shTMEDS spheroids 
were therefore small but displayed a novel phenotype. These spher- 
oids were loose, with live single cells protruding from the clone and 
sometimes being clearly separated from it (Fig 6A and B). Both 
S0X12 and TMED3 thus appear required for normal stem cell clono- 
genicity, affecting the different types of spheroids formed, but only 
TMED3 is also required for normal clone compaction/adhesion. 

Knockdown of TMED3, but not of S0X12, promotes spreading 

To test for changes in cell behavior, we first used hanging drop 
aggregates of cells placed on top of a collagen cushion. Control and 
shSOXlZ cells remained in the aggregates, whereas shTMEDS cells 
spread over the cushion forming a continuous mantle (Fig 7A and B). 
Isolated cells with elongated morphology leaving the mantle were 
not generally detected. 

To extend this assay, we performed a two-dimensional scratch 
assay with cell cycle arrested mitomycin C-treated cells, thus allow- 
ing the separation of invasion and prohferation. shTMED3, but not 
shSOXlZ cells, showed increase gap closure as compared with 
control cells (Fig 7C and D). shTMEDS cells did not generally 
migrate singly into the gap. Rather, they formed up to 3-fold larger 
protrusions into the gap region (Fig 7D), indicating the invasive 
behavior of the cell population. 

Profiling TMED3 and 50X12 during tumor progression 

Data mining from public platforms revealed that the mRNA levels of 
TMED3, but not of S0X12, increased in colon adenocarcinoma 

Figure 6. TMED3 and S0X12 are required for efficient clonogenic 
beiiavior but only TMED3 for clone compaction. 

A Images of representative clonal colonospheres observed under Nomarski 
(left panels) or CFP fluorescence (right panels) illumination. Arrows indicate 
cells protruding from the sphere clone after interference with TMED3. Scale 
bar = 100 ^^vn. 

B Quantification of sphere phenotypes by category presented as the average 
number of clonal spheroids per 95-well plate, plating 1 cell per well. 
Overall, the total number of spheroids formed per category in triplicate 
experiments were (28,32,30 for SIH control; 21,22,29 for shSOXU; 25,25,28 for 
shTMED3). 



versus matched normal colon tissue (Supplementary Fig S6). Simi- 
larly, analyses of unmatched samples confirmed significant differ- 
ences for TMED3 mRNA but revealed an increase for one of two 
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Figure 7. Knockdown of TMED3, but not S0X12, induces cell spreading. 

A Images of aggregates of CC14 cells 5 days after plating on a collagen cushion. The white arrows highlight the cell spreading over the cushion from the aggregate 

observed only in shTMEDS cells. Scale bar = 120 urn. 
B Quantification of cell spreading over collagen as shown in (A). 
C Quantification of gap closure over time of experiments shown in (D). 

D Images of the border zone of scratch assays with adherent cells at the end of the assay (42 h). White double-headed arrows and dashed lines indicate the size and 
limits of protrusions or cell wave invading the gap (left and center panels). The quantification of the number of cells per maximal wave or protrusion is shown on the 
right panel, c: control; shT shTMEDS; shS: shSOXU. Scale bar = 300 |.im. 
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probes for S0X12 mRNA (Supplementary Fig S7). Limited data 
mining did not reveal changes during tumor progression or differ- 
ences in gender [Supplementary Fig S7). 

RT-qPCR assays for TMED3 and S0X12 with normal colon and 
colon cancer patient samples of different TNM stages plus liver 
metastases obtained from the operating room (Supplementary 
Fig S8; Varnat et al, 2010) confirmed that TMED3 mRNA was 
consistently expressed at higher levels in tumors over normal colon, 
or over normal liver in the case of liver metastases (Supplementary 
Fig S5}. However, TMED3 mRNA levels were not significantly 
different in advanced vs. early stages (Supplementary Fig S6). It 
remains possible that regulation of these genes is post-transcrip- 
tional, mimicking effects of shRNAs. 

Interference with S0X12 or TMED3 represses endogenous 
WNT-TCF targets 

S0X12 encodes a SOXC class nuclear transcription factor the func- 
tion of which has remained largely unaddressed (Sarkar & Hoched- 
linger, 2013). SOX factors have been described as positive or 
negative modulators of WNT-TCF signaling, acting on the 
P-CATENIN/TCF complex (Zorn et al, 1999; Sinner et al, 2007; 
Martinez-Morales et al, 2010; Kormish et al, 2010). In particular, 
another member of the SOXC family also expressed in colon cancer, 
S0X4, is a positive cofactor for WNT-TCF signaling (Sinner et al, 
2007; Kormish et al, 2010), raising the possibility that S0X12 could 
share this activity. 

TMED3 is one of 10 members of the transmembrane emp24 
domain-containing TMED family of p24 proteins, which are 
involved in bidirectional cargo trafficking from the rough endoplas- 
mic reticulum through the Golgi and into secretory vesicles (Strafing 
& Martens, 2009). Several TMED genes are expressed in colon 
cancer cells (data not shown), but little is known of the nature of 
specific cargoes (Strating & Martens, 2009) or the functions of 
individual p24 proteins, although there is evidence for roles in 
development (Denzel et al, 2000) and the regulation of the innate 
immune response (Doyle et al, 2012). Interestingly, several p24 
family members (_Emp24, Eclair, Opossum] were identified in 
Drosophila as factors required for secretion of Wnt proteins 
(Wingless, WntD; Port et al, 2011; Buechling et al, 2011). Although 
the homolog of TMED3 in Drosophila [logjam; Strating & Martens, 
2009) may not be involved in Wnt signaling (Carney & Taylor, 
2003), we tested for this possibility in human colon cancer cells 
since p24 proteins are multifunctional (Boltz et al, 2007; Strating & 
Martens, 2009) and TMED5 affects WNTl secretion in 293T cells 
(Buechling et al, 2011). 

Analysis of the expression of a canonical WNT-TCF signaling 
signature in CC14 colon cancer cells by RT-qPCR after expression of 
either shTMED3 or shS0X12 showed that both induced a drastic 
reduction in TCF target gene expression levels, largely paralleling 
the effects of TCF blockade with dnTCF4 (Fig 8A) . Commonly 
repressed genes included the colon and colon cancer stem cell genes 
ASCL2 and LGR5 (Barker et al, 2007; Van der Flier et al, 2007; Zhu 
et al, 2012) as well as EPHB2, S0X4 and P21, all as compared with 
control cells after normalization with housekeeping genes (Fig 8A). 
AXIN2 was also repressed by shTMED3, but not by shSOX12 
although this may reflect different kinetics of repression. Similarly, 
shTMED3, but not S0X12 enhanced the expression of the WNT 



inhibitor DKKl. The mRNA levels of fi-CATENIN were not altered 
and served as an additional control (Fig 8A). These changes parallel 
those obtained after WNT-TCF pathway blockade by expression of 
dnTCF4 (Fig 8A), indicating a wide and coherent, albeit partially 
distinct, downregulation of canonical WNT-TCF responses by 
knockdown of TMED3 or S0X12. Mimicry of the response to 
dnTCF4, our benchmark, revealed similar signature changes with 
shTMED3 and shS0X12 in HT29 colon cancer cells (Supplementary 
Fig S9), albeit with context specific changes and small variations, 
suggesting a conserved function. 

Since downregulation of WNT-TCF targets has been linked to 
increased HH-GLI activity in colon cancer (Varnat et al, 2009), we 
tested for the expression of key readouts of activity and mediators of 
this pathway [GLIl, GLI2] as well as the expression of the GLI-inter- 
acting stemness factor NANOG (Zbinden et al, 2010) and three other 
members of a HH-GLI-regulated embryonic stem cell-like signature: 
S0X2, KLF4 and 0CT4 (Clement et al, 2007; Varnat et al, 2010). We 
observed the coherent upregulation of the expression levels of these 
genes after knockdown of S0X12 or TMED3, or indeed expression of 
dnTCF4 (Fig 8A). Knockdown of S0X12 or TMED3 therefore mimics 
direct repression of WNT-TCF signaling by dnTCF4. 

Enhanced levels of active p-CATENIN rescues the repression of 
TCF targets by shS0X12 and shTMED3 

To further ascertain the specificity of the repression of a TCF target 
signature by interference with TMED3 or S0X12, we performed 
rescue analyses testing if active |3-CATENIN could revert the repres- 
sion obtained through the knockdown of these two metastatic 
suppressors. Co-expression of constitutively active N'Ap-CATENIN 
along with shTMED3 or shS0X12 from integrated replication- 
incompetent lentivectors greatly enhanced the expression of a cohort 
of TCF targets, reverting their repression by shTMED3 or shS0X12 
alone, both in CC14 and in HT29 colon cancer cells (Supplementary 
Fig S9). We note that presence of context-dependent differences in 
the regulation of individual targets. For instance, S0X4 is repressed 
by shS0X12 and shTMED3 in CC14 cells, but they enhance its 
expression in HT29 cells, in both cases reproducing dnTCF effects 
(Fig 8, Supplementary Fig S9). In addition, we find specific target 
gene differences comparing the regulation by dnTCF versus 
shS0X12 or shTMED3. For instance, AXIN2 is repressed by dnTCF 
in both CC14 and HT29 cells but only by shS0X12 and shTMED3 in 
the latter (Fig 8, Supplementary Fig S9). Notwithstanding cell type- 
dependent variances, the general rescue of the shS0X12- or 
shTM£D3-driven repression of TCF targets by activated p-CATENIN, 
together with their mimicry of dnTCF (see above), argues for a 
general effect of the knockdown of S0X12 or TMED3 on canonical 
WNT-TCF signaling in human colon cancer cells. 

S0X12 modulates p-CATENIN/TCF transcriptional activity 

As a nuclear transcription factor, we tested for the activity of S0X12 
in TCF-dependent dual luciferase reporter assays. Knockdown of 
S0X12 resulted in a ±50% decrease in endogenous TCF activity 
(shown as TOP/FOP levels after Renilla normalization; Fig 8B), 
and increase of S0X12 levels by transfection of its full-length 
cDNA resulted in a > 2-fold dose-dependent increase in TCF activity 
when active P-CATENIN was also transfected (Fig 8B). Similar 
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Figure 8. TMED3 and S0X12 are required for tine expression of endogenous WNT-TCF signaling and 50X12 modulates p-CAT/TCF-driven transcription. 

A RT-qPCR heat map of the expression levels of WNT-TCF, HH-GLI and sternness gene signatures in CC14 cultured in uitro with knockdown of S0X12 or TMED3, or the 
expression of dominant-negative TCP (dnTCF4). Results are fold expression as compared to the levels in cells infected with control vectors. Red and blue highlighted 
squares denote changes by 40% or more relative to control values. 

B Representative histograms of luciferase assays for WNT-TCF activity using the TCF-binding site TOP-Luc reporter, and the mutant TCF-binding site FOP-Luc as a 
control for specificity in CC14 cells. Quantification shows levels as TOP/FOP ratios with the control condition set at 1. The black triangle indicates increasing amounts 
of S0X12 plasmid (500 and 1000 ng). |iCAT = NA-p-CATENIN. 500 ng was used for p-CAT, and 200 ng for S0X17, 4 and 12. Error bars = is.e.m. 



results were obtained in DLD-1 colon cancer cells (data not 
shown). Given that these results parallel those with S0X4 (Sinner 
et al, 2007], we compared the activity of equivalent doses of 
S0X4, S0X17 and S0X12. As expected (Sinner et al, 2007), S0X17 
had no effect and served as a negative control (Fig 8B). In 
contrast, both S0X12 and S0X4 (Sinner et al, 2007) increased p- 
CATENIN-dependent TCF reporter activity (Fig 8B). 

TMED3 affects intracellular WNT localization 

To test whether TMED3 KD modifies intracellular WNT localization, 
we chose to analyze the localization of exogenous WNTl, a WNT 
gene product that is expressed in colon cancer (Holcombe et al, 
2002). Immunofluorescent detection of transfected, tagged WNTl 
revealed a wide distribution of this WNT protein in large vesicles 
in control CC14 cells (Fig 9A). LabeUng was detected both in the 
soma and in cell extensions, where individual bodies could be easily 
detected in maximal projections of the confocal z-stack (Fig 9A), or 
in single confocal sections (Fig 9B-D) using colabeling with Phalloi- 
din to demark the cell bodies (Fig 9B). Such WNT distribution could 



correspond to WNT-containing multivesicular bodies (Gross et al, 
2012; Luga et al, 2012). 

Localization of endogenous TMED3 using a specific antibody 
showed that it largely co-localized with transfected WNTl although 
domains of single expression were always detected (Fig 9B). Knock- 
down of TMED3 resulted in the loss of large WNT-labeled bodies 
(Fig 9A and B) and the presence of small puncta surrounding the 
nucleus (Fig 9A), suggestive of ER retention. Co-labeling transfected 
WNTl and the trans-Golgi marker TNG46 or the ER marker 
CALRETICULIN confirmed that WNTl is largely present in the ER, 
with a small amount locahzed to the Golgi (Fig 9C and D) . 

Previous work on p24 function indicates that blocking ER-to- 
Golgi trafficking results in the accumulation of components of and 
proteins secreted through the classical secretory pathway in the ER, 
including the p24 proteins themselves (Kuiper et al, 2001). We thus 
utilized Brefeldin A to disrupt the Golgi complex (Lippincott- 
Schwartz et al, 1989), blocking normal ER-to-Golgi trafficking, and 
analyzed the localization of WNTl in treated vs. untreated cells. 
Brefeldin A treatment produced a relocalization of WNTl from large 
bodies to a diffuse halo of small puncta surrounding the nucleus 



892 EMBO Molecular Medicine Vol 5 | No 7 | 2014 



© 2014 The Authors 



Arnaud Duquet et al 



In uiuo metastatic suppressors 



EMBO Molecular Medicine 



WNT1 / DAPI 



WNT1 / Phalloidin / DAPI WNT1 / TMED3 / DAPI 



• control * 



1 

shTMEDS ■ 




ShTMEDS 


WNT1 


1 DAPI 


control 




' +BFA 



control 



ShTMEDS 



V, ■ control 



1 

itrni ' 




WNT1 /TNG46 (GOLGI) 



control 




WNT1 / CALRETICULIN (ER 




Supernatants 



Ceil lysates 



WNT3A 



PCNA 



WNT3A 



PCNA 



Figure 9. TMED3 is required for normal WNT localization. 

A-D Confocal pictures showing the indicated immunofluorescent labeling in CC14 cells infected with control shTMEDS lentivectors, or treated with Brefeldin A (BFA). 

Images in (A) are maximum projection of confocal Z-stacks. Images in (B-D) are single confocal planes. Yellow color indicates a co-lccalizaticn of red (WNTl) with 

green {TMED3, TCN45 or CALRETICULIN) signals. White arrows indicate WNTl-containing vesicular bodies. Cell contours are highlighted with a white line in (B top 

left). Scale bar = 5 |.im (A, B top left 3 panels), 2 |.im (B top right 2 panels), 1 nm (C, D). 
E Western blots of V5-tagged human WNT3A protein detected in control and shr/VI£D3-expressing cell lysates but only in control supernatants. PCNA was used as 

control for total lysates as well as for supernatants, as these contain a small amount of intracellular proteins normally released during normal cell death. 
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(Fig 9A and B) . Importantly, this mimicked the effect of interference 
with TJV1ED3 function. The effects of Brefeldin A in disrupting the 
Golgi but not the ER were confirmed by the loss of TNG46 labeling 
[Fig 9C) and the intact distribution of CALRETICULIN [Fig 9D) . 
Together, these results suggest that TMED3 function is required for 
normal intracellular localization of WNT ligands. 

TMED3 affects WNT secretion 

Humans have 19 WNT genes, and deciphering the specificity of 
TMED3 for different WNT proteins is difficult given the low levels 
of endogenous expression and the lack of specific high-affinity anti- 
bodies for most of them. Nevertheless, to address the ability of 
TMED3 KD to affect WNT secretion, we have adopted a similar 
protocol to that utilized with Drosophila p24 proteins [Port et al, 
2011] using exogenous V5-tagged human WNT3A. 293T cells previ- 
ously infected with shTMEDS were subsequently transfected with 
WNT plasmids and total cell lysates as well as supernatants 
collected and subjected to Western blotting. WNT3A was detected 
at equivalent levels in cell lysates of control vector and shTMED3- 
expressing cells (Fig 9E]. However, it was only detected in the 
supernatant of control cells and not in those with TMED3 KD 
[Fig 9E), suggesting the requirement of endogenous TMED3 for 
WNT secretion. 

Discussion 

A novel in uiuo genome-wide screen for metastatic suppressors 

Elucidating how metastases are normally prevented could yield 
novel and useful insights both for understanding cell plasticity and 
for therapeutic purposes. However, defining the cellular functions 
that inhibit metastases endogenously remains non-trivial, mainly 
due to the difficulty to track and quantify cells that metastasize in 
vivo and the lack of in vitro systems that recapitulate the multiple 
steps involved in this process. Solely relying on in vitro culture is 
also problematic as this imposes artificial environments such as 
plastic attachment and high serum conditions. Moreover, many 
studies have been performed with cloned cell lines, which are only 
distantly related to patient metastases and do not recapitulate the 
heterogeneity of primary tumors. These problems have so far 
hampered accessible genome-wide analyses of relevant endogenous 
metastatic suppressor functions. 

Here, we have designed and implemented a novel assay to 
bypass the problems raised above and to identify in vivo metastatic 
suppressor functions in an unbiased manner and in a genome-wide 
scale. In this assay, tagged human cells are directly injected into the 
venous circulation of host mice to allow efficient lung [or other 
organ] seeding. Metastatic growth is measured directly or by X-Gal 
staining of lacZ* transgenic cancer cells and individual shRNAs 
identified and quantified. Hits are then tested individually in seeding 
and in full metastatic tests from xenografts to distant organs, nota- 
bly the lungs. This assay can be adapted to any tumor type and can 
include loss- or gain-of-function approaches and, importantly, can 
reach genome-wide representation in each injected animal, thus 
allowing saturation screens with multiple biological replicates. 
Our present protocol may also be modified by performing deep 
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sequencing from tissues with metastases, identifying and quantify- 
ing human sequences and thus bypassing time-consuming cloning. 
Moreover, this assay is also amenable for cell competition in vivo, 
for instance, using the Red/Green assay we previously developed 
(Varnat et al, 2009; Zbinden et al, 2010). 

TMED3 and S0X12 encode novel metastatic suppressive functions 
in human colon cancer cells 

To implement our novel screening approach, we have used primary 
colon cancer cells as proof of principle and have tested the 
hypothesis, derived from our previous work [Varnat et al, 2010], 
that at least some colon cancer metastatic suppressors should directly 
or indirectly enhance or support endogenous WNT-TCF signaling. 

Our present results define novel functions of the TMED3 and 
SOX 12 genes as in vivo suppressors of human colon cancer metasta- 
ses in mice. These two validated candidates were the two top hits 
based on their representation in independent lung slices with metas- 
tases [PGR* shces] and, importantly, on their presence in 4 of 5 
mice [see Fig 1). These results prove that our method can identify 
the same shRNAs in individual mice carrying a multiple of the 
genome-wide shRNA library, indicating that genome-wide satura- 
tion is indeed possible. 

Both TMED3 and S0X12 repress metastatic growth in the lungs, 
but only TMED3 also suppresses full metastasis from primary 
tumors, and this is not due to a simple enhancement of tumor 
growth. Indeed, primary tumor burden can be associated with 
metastases in different tumors [e.g. Minn et al, 2007], but the corre- 
lation is not predictive in colon cancer [Miller et al, 1985]. Instead, 
S0X12 and TMED3 appear to affect molecular and cellular mecha- 
nisms that affect metastatic behavior. 

It remains unclear why other WNT-TGF modulators or pathway 
components [e.g. Sinner et al, 2007], or even other metastastic 
suppressors [e.g. Castets et al, 2011], have not been detected in our 
screen since the repeated identification of shTMEDS and shSOXlZ in 
4 of 5 mice, each with a 5-fold shRNA library coverage, suggests 
that the screen approached saturation. One possibility may be that 
the protocol we used to expand cells before injection might have 
eliminated genes required for in vitro growth, including core WNT 
signaling components, thus allowing the specific selection of essen- 
tial in vivo metastatic repressors. It is also possible that not all 
WNT-TCF pathway components are represented by efficient shRNAs 
in the library. Additionally, and more interestingly, the require- 
ments of primary cancer cells may be distinct from those of different 
cell lines routinely used in previous studies, each with a different 
genetic background also adapted to in vitro culture through thou- 
sands of passages. For example, given its reduced potency, it is unli- 
kely that we would have detected TMED3 in a primary screen using 
HT29 cells. 

S0X12 and TMED3 modulate WNT-TCF in different ways 

In addition to unrelated activities of each factor, we find that 
TMED3 and S0X12 have a common function in the positive regula- 
tion of WNT signaling that leads to the sustain expression of TCF 
targets. Their regulation of a WNT-TGF signature mimics the overall 
regulation by dnTCF, and their repression is rescued by activated 
P-GATENIN. Their mode of action, however, would appear to be 
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radically different. TMED3 encodes a p24 protein belonging to a 
family previously implicated in vesicular trafficking (Strating & 
Martens, 2009) and WNT secretion (Port et al, 2011; Buechling 
et al, 2011), and S0X12 encodes a nuclear transcription factor of the 
SOXC family of p-CATENIN/TCF regulators [Sinner et al, 2007). 
Consequently, we suggest that TMED3 acts in WNT protein secre- 
tion high in the signaling cascade, whereas S0X12 functions in TCP 
target gene control at the opposite end. 

Our findings contrast with the assumption that both early and 
metastatic human colon cancers harbor functionally hyperactive 
WNT-TCP signaling through activation of steps within the signaling 
cascade, often through loss of APC (e.g. Clevers & Nusse, 2012), 
and with the finding that WNT signaling is a driver of metastases in 
other cancers (e.g. Nguyen et al, 2009; Yu et al, 2012). Our present 
findings through an unbiased screen support the idea that WNT- 
TCP signaling represses metastases (Varnat et al, 2010): They are 
consistent with the downregulation of WNT-TCP target gene expres- 
sion in metastatic vs. non-metastatic human intestinal adenocarci- 
nomas, and with the enhanced metastatic growth of human colon 
cancer cells with TCP blockade via dnTCP (Varnat et al, 2010). We 
suggest that the common function of S0X12 and TMED3 as positive 
WNT-TCP modulators in vivo underlies, at least partially, their 
metastatic suppressor functions. 

Common APC loss in colon cancer, such as in HT29, might 
suggest total independence from WNT ligands for pathway acti- 
vation and thus the inability of blockade of upstream ligand 
events to affect metastases. Indeed, whereas both the KD of 
S0X12 and TMED3 are effective in CC14 (with undetermined 
APC status in this non-clonal primary colon cancer cell popula- 
tion), TMED3 KD has diminished potency in comparison with KD 
of S0X12 in HT29. However, the metastatic suppressor function 
of shTMED3 in HT29 ceUs, albeit reduced in comparison with 
CC14, appears consistent with the recent finding that ligand 
signaling is still required for full WNT-TCP pathway activity and 
responses in APC-mutant colon cancer cells (Voloshanenko et al, 
2013). 

Colon cancers express multiple canonical and non-canonical 
WNT genes (Dimitriadis et al, 2001), and it is not clear what degree 
of specificity may TMED3 harbor for the different human WNT 
proteins. This might be important as different WNT ligands can trig- 
ger different signaling events in a context-dependent manner (e.g. 
Gao, 2012). In this sense, one possible explanation for the different 
phenotypes observed in cell invasion and spreading in shTMEDS vs. 
shSOXlZ cells, and the finding that interference with TMED3, but 
not with S0X12 yields full metastases in vivo, might be the blockade 
of canonical (WNT-TCP) and non-canonical (e.g. planar polarity, 
calcium) pathways by shTMED3 but only of canonical transcrip- 
tional outputs by shSOXlZ. 

Defects in classical secretion by interference with TMED3 suggest 
a non-cell autonomous phenotype. However, the results of Red/ 
Green competition assays in vivo are inconsistent with the simplest 
scenario since red control cells should have rescued loss of ligand 
secretion by neighboring green cells expressing shTMED3. The 
primary effect of knockdown of TMED3 thus appears to be cell 
autonomous, suggesting autocrine signaling. Interestingly, red 
control cells not only did not rescue sibling s/iTM£D3-expressing 
green cells but also suffered a disadvantage in vivo. This paradox 
might be related to the recent finding that autocrine WNT signaling 

© 2014 The Authors 



in breast cancer cells may be aided by stromal exosomes (Luga 
et al, 2012). The stroma could promote autocrine WNT signaling 
and competitive growth disadvantage in whole WNTl-expressing 
tumors and in the RPP* population in red-green assays, but not in 
shTM£D3-expressing GPP * cells. 

P24 proteins have been suggested to form complexes and cross- 
regulate their levels (e.g. Jenne et al, 2002; Strating & Martens, 
2009), and at least in yeast there is functional compensation among 
family members (Marzioch et al, 1999), although in mice TMED2 
and TMEDIO are non-redundant (Denzel et al, 2000; Jerome- 
Majewska et al, 2010). Consistent with non-redundant functions in 
animals, we have only identified TMED3 even though we have 
detected all TMED mRNAs except that for TMEDIO in the human 
colon cancer cells used (data not shown). In Drosophila, Eclair, 
Emp24 and Opossum, which are similar to TMEDll, TMED2 and 
TMED5, respectively, but not other p24 proteins, are involved in 
Wingless (WNT) secretion (Port et al, 2011; Buechling et al, 2011; 
Herr et al, 2012). WNT ligand function may thus depend on TMED 
function in multiple species. However, the exact p24 protein 
involved in WNT secretion is likely to be species-specific since the 
expansion of the TMED families apparently occurred independently 
in different lineages (Strating & Martens, 2009). The functions of 
p24 proteins also appear to be hgand-type specific since Eclair, 
Emp24 and Opossum affect Wnt, but not Hedgehog signaling in 
Drosophila (Port et al, 2011; Buechling et al, 2011; Herr et al, 
2012). Similarly, different mammalian TMED proteins have been 
associated with distinct signaling pathways (Doyle et al, 2012; 
Connolly et al, 2013; Chen et al, 2006). Whereas it remains very 
likely that TMED3 has additional functions and affects many 
secreted proteins, given that p24 family proteins load different 
cargoes into Golgi-derived secretory vesicles and that there are less 
than a dozen p24 proteins (Strating & Martens, 2009), our data 
suggest a specific requirement for TMED3 in WNT signaling in 
human colon cancer. 

Unlike TMED3, S0X12 is a multifunctional nuclear transcription 
factor that promotes p-CATENIN/TCP activity. Given that several 
SOX genes, including S0X2, S0X4, SOXl 1 and S0X12, are expressed 
in colon cancer cells (data not shown) and that the cofactor activity 
we define for SOXl 2 is similar to that of S0X4 (Sinner et al, 2007; 
Dy et al, 2008; Sarkar & HochedUnger, 2013), it is surprising that the 
knockdown of S0X12 is not compensated by other SOXC subfamily 
members as it is the case in mouse embryonic development (Hoser 
et al, 2008; Dy et al, 2008; Bhattaram et al, 2010). Lack of rescue by 
S0X4 could be related to its repression by shSOXlZ, but S0X4 
was not identified in the screen. Whereas it is possible that TCP- 
independent aspects of S0X12 function contribute to the phenotypes 
we observe, our data suggest a novel specific requirement for S0X12 
in WNT-TCP target regulation and metastases. 

TMED3 and S0X12 modulate cancer stem cell type 

The partially overlapping phenotypes detected after interference 
with S0X12 or TMED3 highlight key steps required for metastases: 
Changes in cell adhesion or cell group compaction and changes in 
stemness. S0X12 and TMED3 antagonize metastatic growth and 
alter the frequency of large clonogenic spheroids. Large spheroids 
may reflect the presence of a long-term clonogenic founding stem 
cell (e.g. Suslov et al, 2002) . This, together with the repression of 
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the expression of the stem cell-associated genes ASCL2 and LGR4, 
which characterize the WNT-dependency of intestinal crypts, adeno- 
mas and early local carcinomas (Barker et al, 2007; van der Fher 
et al, 2007; Zhu et al, 2012), raises the possibility that S0X12 and 
TMED3 sustain a WNT-dependent, large-spheroid-forming, clono- 
genic stem cell that is non-metastatic. Changes in stem cell type, as 
suggested by the varying morphologies obtained in clonogenic 
assays, could therefore underlie or participate in the acquisition of 
metastatic potential. In the case of TMED3, this change is more 
extreme as the spheroids loose compaction and single cells can 
move out of the clone, perhaps parallehng early steps in cancer stem 
cell dissemination during metastases. 

Knockdown of TMED3 and S0X12 enhance HH-GLI 

In addition to repression of WNT-TCF targets, knockdown of 
TMED3 or S0X12 in primary CC14 cells increases the expression 
levels of GLI1/GLI2 and NANOG, which, together, indicate an 
increased HH-GLI signahng response. This HH-GLI signahng signa- 
ture is similarly enhanced by direct TCP repression, consistent with 
our previous data on the enhancement of HH-GLI signaling and 
metastases by direct repression of WNT-TCF function with dnTCF 
[Varnat et al, 2010). 

Moreover, blockade of S0X12, TMED3 or TCF also leads to the 
general upregulation of the levels of the HH-GLI-regulated genes 
S0X2, 0CT4 and KLF4 (Clement et al, 2007; Varnat et al, 2009, 
2010; Zbinden et al, 2010). This cohort is able to reprogram adult 
differentiated cells to embryonic-like states (Takahashi & Yama- 
naka, 2005), and their upregulation could provoke a change in 
sternness that prompts metastases (Ruiz i Altaba, 2011). In this 
sense, the switch in predominant morphogenetic pathway target 
expression (WNT to HH) we detect after interference with S0X12 or 
TMED3 supports and expands previous results with dnTCF4 (Varnat 
et al, 2010) and the idea that it promotes and/or tracks a change in 
tumor cell identity from tissue-specific, crypt-like (for colon cancer) 
to more embryonic-like metastatic states. 

In addition to HH-GLI, YAP also promotes metastases (this study, 
Lamar et al, 2012; Chen et al, 2012). This is intriguing in light of 
reports indicating a tight interaction between the WNT-TCF and 
HIPPO-TEAD/YAP pathways: YAPl is regulated by the WNT-TCF 
pathway (Konsavage et al, 2012), the HIPPO-YAPl pathway regu- 
lates WNT signaling (Varelas et al, 2010), and YAPl is essential for 
P-CATENIN-dependent cancers (Rosenbluh et al, 2012). Our results 
suggest a WNT-TCF-independent role of YAPl in metastatic colon 
cancer since we show that YAPl is essential for metastatic growth 
whereas endogenous WNT-TCF is not (this work; Varnat et al, 
2010). One possibility is that in metastases, TEAD/YAPl signaling 
interacts with HH-GLI instead of WNT-TCF: HH-GLI signaling drives 
colon cancer metastases (Varnat et al, 2009), and its interaction 
with TEAD/YAPl could parallel the interaction described in medul- 
loblastoma (Fernandez-L et al, 2009). 

Implications for disease progression and 
tiierapeutic intervention 

Using a novel in vivo assay to identify metastatic suppressor func- 
tions, we have uncovered that S0X12 and TMED3 limit the meta- 
static spread and/or growth of human colon cancer cells in mice. 



These findings shed new light on the mechanisms by which primary 
local tumor cells are restricted from spreading to other organs, but 
how one may intervene to boost their metastatic suppressive func- 
tion remains a difficult problem. It also remains unclear whether 
enhancing their function in metastatic lesions may have a beneficial 
effect. However, their regulation of WNT signaling suggests impor- 
tant consequences. 

Deregulated WNT signaling is a well-known tumor-initiating 
oncogenic driver in primary colon tumorigenesis (e.g. Kinzler & 
Vogelstein, 1996). Our present data indicate, paradoxically, that it is 
also a persistent metastatic suppressor. Therefore, our present and 
previous findings (Varnat et al, 2010) uncover a novel metastatic 
principle: the repression of the local identity imposed by endoge- 
nous tumor-initiating events. This suggests that metastatic cells 
need to escape the patterning imposed in the local tumor. 

Therapeutically, many advanced colon cancers and their metas- 
tases are predicted to be refractory to WNT-TCF signaling inhibition 
(Varnat et al, 2010), and this treatment could be counterproductive 
(this work). Moreover, while adenomas and non-metastatic colon 
cancers may be negatively affected by WNT-TCF pathway blockade, 
this could also prompt a few cells to become metastatic, resulting in 
incurable metastatic disease. 

Materials and Methods 

Cell culture and human tumor samples 

CC14 cells are primary TNM4 human colon cancer cells with 
epithehal morphology (Varnat et al, 2009, 2010). All primary colon 
cancer cells were early passage cells derived from fresh human 
colon cancer samples obtained directly through Or P. Gervaz, 
under approved protocols, from the University Hospital of Geneva 
(HUG). mRNA was prepared from tumor samples and adjacent 
normal tissues. Collection, storage, tumor dissociation and primary 
culture were described previously (Varnat et al, 2009, 2010). 
Human cell lines were cultured as attached cultures in DMEM/F12 
supplemented with 10% heat-inactivated FBS in standard conditions 
with 5% CO2. 

ShRNA library and lentivectors 

The shRNA library (GeneNet, human 50K; System Biosciences, 
Mountain View, CA, USA) was received as a lentivector mix. The 
lentiviral production was made following the manufacturer's 
instructions. To control the representation of individual sequences 
in the lentiviral library, cells were infected with the library and frag- 
ments containing the shRNA sequences were amplified by PGR 
using SIH backbone-specific GNH primers (F: TGCATGTCGC- 
TATGTGTTCTGGGA, R: CTCCCAGGCTCAGATCTGGTCTAA) and 
Phusion® DNA polymerase (New England Biolabs). The PGR prod- 
ucts were gel-purified, A-tailed with GoTaq® DNA polymerase 
(Promega) in a single 20' incubation at 72°C in the presence of 
dNTPs. A-tailed PGR products were cloned using a TOPO® TA clon- 
ing kit (Invitrogen) and transformed into MACHl™ bacteria, allow- 
ing the individualization of the PGR products. The plasmid inserts 
of 50 colonies were sequenced, and the sequences obtained 
compared to the shRNA list provided by the library manufacturer to 
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identify tlie candidate shRNAs. As all 50 of them were different, 
there is a statistical probability of 95 % that the lentiviral library we 
produced contained at least 45,800 different sequences following 
the formula P = [(n — (k — 1)) / n]*^' where n is the number of 
total sequences and k is the number of sequences analyzed. 

The shRNAs identified in the in vivo screening were in the 
pSIHl-Hl-copGFP (SIH) lentivector (System Biosciences). A second 
shRNA in the pGIPZ backbone (Open Biosystems] was used to 
verify specificity and to control for backbone effects. shYAPl was 
cloned in pLVCTH backbone as described (Clement et al, 2007). 
A N'AP-CATENIN lentivector in pCWXPG backbone is a kind gift of 
P. Salmon (University of Geneva). 

ShRNA target sequences were 5'-3' TMED3: SIH-GAAGGCATCCGA 
CTGCATTAAGTGTGC, GIPZ- CACCATCTACAGAGAAACGAA; S0X12: 
SIH-TCACACACACAAATCTCAGGAACAAAC, GIPZ-CCAGATTCAAG 
TCCGTGTGAT; TEADl: SIH-GCCATGGGACATTTACAGCCTTTATAC, 
GIPZ-GCTCAAACACTTACCAGAGAA; YAPl: LVCTH-CGCTGGTCAG 
AGATACTTCTTAA, RCDl: SIH-CCTCAATGCTGAACCGCACTGGA 
GAA, GIPZ-ACACTGGTTTGGCTTATATAT. 

All lentiviruses were prepared and concentrated as described 
(Stecca et al, 2007; Varnat et al, 2010). 

BrdU incorporation assays 

Human primary cells were infected with LV-shTMED3, LV-shSOXlZ 
or LV-control. 48 h after transduction, GFP-expressing cells were 
plated in 2% FBS to assess cell prohferation. After a 15-min BrdU 
pulse, cells were fixed in 4% PFA for 1-2 min, incubated for 15 min 
in 2N HCl and neutralized in O.IM Boric acid at pH 8.5 for 10 min. 
Cells were subsequently blocked in 10% heat-inactivated goat 
serum and labeled with mouse anti-BrdU antibodies (1:5,000, 2 h at 
rt; University of Iowa Hybridoma Bank), rhodamine-coupled 
secondary anti-mouse antibodies (1:500, 1 h at rt; Invitrogen) and 
counterstained with DAPI to highlight nuclei DNA and allow cell 
counting (Sigma). Ten fields per condition were counted for quanti- 
fication and the data expressed as BrdU/DAPI ratios. 

Candidate pro-metastatic siiRNA identification 

To identify the candidate pro-metastatic shRNAs, lungs from 
injected mice were dissected and cut into pieces as described in the 
text. Total DNA was extracted from each piece using a classical lysis 
followed by a NaAc/EtOH precipitation protocol. The shRNA pres- 
ent in the samples was then identified following the approach 
described in the shRNA library description paragraph above. At 
least 20 colonies were sent for plasmid sequencing for each initial 
lung piece. Sequences obtained were then compared to the shRNA 
list provided by the library manufacturer to identify the candidate 
pro-metastatic shRNAs. 

Tail vein injections 

Attached cells were trypsinized and resuspended in HBSS, and 
300 |il containing 1 x lO*" cells were injected into the lateral tail 
vein of mice. Cells remaining in the syringe were put back in 
culture in order to confirm the viability of the injected cells. 
Mice were analyzed 6 weeks after the injection or at first sign of 
discomfort. 

© 2014 The Authors 



Mouse xenografts of liuman colon cancer primary cells 

Human lacZ* colon cancer primary cells and cell lines were infected 
with appropriate lentiviral vectors. 72 h after transduction, 5 x 10^ 
cells were resuspended in HBSS and injected subcutaneously into 
the flanks of 6- to 8-week-old female nude (NMRI) or NSG (NOD- 
scid ILZrg'^^"] mice. Tumor volumes were measured every 2 days 
after their appearance. Fluorescence of xenografts was monitored in 
situ in a dark chamber using a green fluorescent excitation laser and 
a color CCD camera (Lightools, CA, USA). Before tumors reached 
legal limits, the animals were sacrificed, tumors harvested and lungs 
were fixed in PFA 4% for 2 h and stained for the p-Galactosidase 
expression through the X-Gal reaction. 

In uiuo Red/Green assays 

Red/Green assays in vivo were performed as previously described 
(Varnat et al, 2009; Zbinden et al, 2010; Lorente-Trigos et al, 2010). 
They involved infecting primary colon cancer cells with either an 
RFP-expressing control lentivector or GFP-expressing LV-shTMEDS 
and LV-shSOXU lentivectors. Red (RFP*) and green (GFP*) popu- 
lations were then mixed at a constant ratio (approximately 1:1) and 
injected subcutaneously into the flanks of nude mice. After imaging 
and dissection, tumors were dissociated and cells FACS-analyzed to 
quantify the RFP* and GFP* green populations. Each analysis 
counted at least 10,000 cells. 

Scratch assays 

Human primary colon cancer cells infected with LV-shTMEDS, LV- 
shSOXlZ or parental LV-control vectors were plated in 2% FBS 
medium in 3 -cm dishes. When cells reached 80% -90% confluence, 
they were treated with 10 ng/ml mitomycin C for 2 h to perma- 
nently block proliferation, the medium was then changed and 
several parallel scratches were performed using a blunt spatula 
1 mm wide. The result was quantified measuring the gap distance 
between the edges of the scratch at the time of scratching (time 0 h) 
and at after each 24 h for 4 days in 3 independent fields per 
condition. 

Immunofluorescence 

Where indicated, Brefeldin A (Sigma, B5935) was added at 5 ng/ml 
for 2 h. Vehicle DMSO was used as a control. For TGN46 immuno- 
fluorescence, cells were fixed with 4% PFA in PBS for 5 min, 
followed by acetone permeabilization for 5 min at — 20°C. Blocking 
was performed in PBS with 5% HINGS for 45 min. Rabbit anti- 
TGN46 antibodies (Abeam ab50595) were incubating overnight 
diluted 1/500 at 4°C in blocking buffer followed by a 45-min incuba- 
tion with a Dyhght488-conjugated anti-rabbit (Jackson ImmunoRe- 
search 111-485-003). After DAPI staining, coverslips were mounted 
in 50% glycerol with PPD as anti-bleaching agent. For rabbit anti- 
CALRETICULIN antibodies (Abeam ab2907), the same protocol was 
followed except that the permeabilization was performed with meth- 
anol at -20°C for 10 min. For rabbit anti-TMED3 antibodies 
(NOVUS Biologicals, NBP2-13439, 1/100) and mouse monoclonal 
anti-Flag-tag (Sigma F3165, 1/2,000) immunofluorescence, the same 
protocol was followed except that permeabilization was performed 
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with Triton X-100 (0.1%, 10 min). For double immunostaining, 
mouse anti-FLAG antibodies were added together with other rabbit 
primary antibodies and revealed with a rhodamine-conjugated 
anti-mouse secondary antibody (Molecular Probes R-6393, 1/500). 
Alexa488-conjugated Phalloidin (Invitrogen A12379, 1/300, a kind 
gift from C. Chaponnier] was incubated together with anti-FLAG 
primary antibodies and revealed as described above. 

Luciferase assays 

For luciferase assays, 1 x 10^ CC14 cells, naive or infected with the 
appropriate shRNAs, were plated in 24-well plates and then trans- 
fected with Lipofectamine LTX with a plasmid containing TOP/FOP 
reporters (500 ng], pGL4.74 Renilla luciferase (100 ng, Promega), 
pRFP as transfection control (100 ng], CMV-p-CATENIN or CMV- 
SOX4/SOX12/SOX17 as required. A pCMV-control was used to 
complement or replace the other expression plasmids in order to 
keep the amount of DNA and of the CMV promoter constant. 

Clonogenic assays 

For in vitro clonogenic assays, cells infected with different shRNAs 
were counted and plated at 1 cell/well in 96-well plates with colono- 
sphere media (DMEM/F12 supplemented with Ix B27 and 10 ng/ 
ml EGF) in triplicates. The number of total and GFP* colonies per 
plate was counted after 14 days using an inverted optical Zeiss 
microscope equipped with epifluorescence. For tumor-derived 
clonogenic assays, tumors obtained from mouse xenografts were 
dissociated and resuspended in IXHBSS to make single-cell suspen- 
sion. GFP* human cells were FACS-sorted and automatically depos- 
ited at clonogenic 1 cell/well ratios in 96-well plates in 
colonosphere medium, with 5 plates prepared per each condition. 
The total number of colonies and that of GFP* colonies per plate 
were counted after 14 days as above. 

Cell spreading from aggregates on collagen 

Cells were trypsinized and allowed to aggregate for 2 days in 20 \il 
hanging drops containing 1,000 cells each in standard culture 
medium. Aggregates were then transferred onto a cushion of colla- 
gen (1 mg/ml; Sigma) in 24-well plates with fresh medium and 
imaged after 5 days. Medium was changed once after 2 days of 
transfer. The phenotype was slightly variable depending on collagen 
batches. 

PCR 

RNA extraction, cDNA synthesis and quantitative reverse transcrip- 
tion (rt] PCRs were performed as described (Stecca et al, 2007; 
Lorente-Trigos et al, 2010; Varnat et al, 2010). All values were 
normalized against the mean of those of three housekeeping genes: 
TBP, HMBS and ACTB. qPCR primer sequences are shown in 
Supplementary Fig SIO. 

Data mining 

Data mining was performed on the following publicly available 
microarray datasets: 



The paper explained 
Problem 

Metastatic cancers remain a large unmet medical need. To date, there 
are no efficient anti-metastatic therapies and most therapies do not 
differentiate between the primary and secondary metastatic tumors. 
In the case of colon cancer, over one-third of patient with local 
adenocarcinomas in the bowel will develop metastases, most 
commonly to the liver, with an average life expectancy of less than a 
year Understanding the mechanisms that normally prevent metasta- 
ses could yield valuable clues for new therapeutic strategies. However, 
finding endogenous metastatic suppressors has been hampered by a 
number of problems, including the use of cell lines and in uitro condi- 
tions. 

Results 

We have developed a novel in uiuo strategy to identify metastatic 
suppressors in human cells engrafted into mice using an shRNA 
library that allows saturations screens. As proof of principle, we have 
performed a screen with primary human colon cancer cells. Moreover, 
we tested the hypothesis derived from our previous work that at least 
some tumor suppressors should promote WNT signaling in human 
colon cancer. We report the identification of two genes, S0X12 and 
TMED3, the suppression of which causes an increase in metastatic 
growth in the lungs or full metastases from a primary tumor TMED3 
functions in protein secretion through the ER-Colgi and S0X12 is a 
nuclear transcription factor Importantly, both support endogenous 
WNT signaling, apparently acting at opposite ends of the signaling 
cascade. 

Impact 

Our screening method should be widely applicable to single patient 
tumors and to multiple tumor types, opening up the systematic iden- 
tification of metastatic suppressors. Moreover, we identify two previ- 
ously unknown metastatic suppressor functions for primary human 
colon cancer cells that share a common signaling function: Both 
support the expression of WNT-TCF targets. Therefore, in addition to 
highlighting TMED3 and S0X12 as novel metastatic suppressors, the 
data provide additional evidence that the suppression of endogenous 
WNT signaling is pro-metastatic. As WNT-TCF activity is a common 
oncogenic tumor-initiating event in colon carcinogenesis in humans, 
these findings highlight a novel metastatic principle: suppression of 
the tumor-initiating event Whereas WNT-TCF antagonists may reduce 
early primary tumor bulk, they are also predicted to enhance metasta- 
ses. Thus, the present results support the differential targeting of 
primary colon cancers and their metastases. 



— GSE10950, composed of 24 colon normal and tumor (Jiang et al, 
2008). Probe for TMED3 was ILMN_1719316, probe for S0X12 was 
ILMN_1736974. Description and files are available at http:// 
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE10950 

— GSE23878 composed of 24 normal colon samples and 35 unpaired 
colon tumor (Uddin et al, 2011). Probe for TMED3 was 208837_at, 
probes for S0X12 were 204432_at and 228358_at. Description and 
files are available at http://www.ncbi.nlm.nih.gov/geo/query/ 
acc.cgi?acc = GSE23878 

— GSE6988, composed of paired tissues of 25 normal colorectal 
mucosa, 27 primary colorectal tumors, 13 normal liver and 27 liver 
metastasis, as well as 20 primary colorectal tumors without liver 
metastasis (Ki et al, 2007). Probes for TMED3 were IDjef 10974 
and 11770, probes for S0X12 were ID_ref 9506 and 13496. Descrip- 
tion and files are available at http://www.ncbi.nlm.nih.gov/geo/ 
query/acc.cgi?acc = GSE6988 
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— GSE17538 composed of 238 tumor samples for which the chnical 
follow up of the patient is available (Smith et al, 2010; Freeman 
et al, 2012]. Probe for TMED3 was 208837_at, probe for S0X12 
was 204432_at. Description and files are available at http:// 
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE17538 

Detection of WNT protein in tlie supernatant 

1.5 X 10^ of 293T cells infected with GIPZ-shTMED3 or control 
lentiviruses were seeded in 6-cm dishes in DMEM with 10% FBS. 
The following day the infected cells were transfected using calcium 
phosphate with 0.8 |ig of V5-tagged WNT3A expression plasmid 
[Addgene 35927). Medium was replaced 6 h after by 4 ml of DMEM 
with 0.5% FBS. Supernatants were collected 48 h later, spun twice 
on a table top centrifuge to remove any floating cells or debris and 
concentrated ~20-fold (Pierce Concentrators 9K MWCO, 89884A, 
Thermo Scientific). Cells were also collected directly from the dish 
and lysed in RIPA buffer. 25 \ig of total protein from the concen- 
trated supernatants or 2 \.\.g from the cell lysates were loaded per 
well onto 12% SDS-PAGE. Western blotting was performed using 
anti-V5 (ab27671. Abeam, 1/500 overnight) and anti-PCNA (SC- 
7907, Santa Cruz, 1/1,000 1 h) antibodies. 

Supplementary information for this article is available online: 
http://ennbomolmed.ennbopress.org 

Acknowledgements 

We are grateful Monika Kuciak, Crigori Singovski, Carolina Bernal, Irene Siegl- 
Cachedenier and other members of the Ruiz i Altaba lab for discussion or 
comments on the manuscript, Dr P. Cervaz (HUG) for colon cancer samples, 
Drs J. Kiss and P. Salmon for WNTl- and N'Ap-CATENIN-lentivectors and Dr C. 
Chaponnier for conjugated Phalloidin. AD was a recipient of a fellowship from 
the French Foundation pour la Recherche Medicale. AM was a European ITN 
FP7 Network HEALING Fellow. SM was a recipient of a grant from the Swiss 
Confederation. Support for this work was provided by the Swiss National Science 
Foundation, the European Union FP7 ITN network HEALING, La Ligue Suisse 
Contre Le Cancer, the James McDonnell Foundation (USA) and the Departement 
d'Instruction Publique of the Republic and Canton of Geneva to ARA. 

Author contributions 

ARA, AD, AM, SM and MM designed the experiments. AD, AM, MM, SM, CS and 
AC performed experiments. ARA, AD, AM, MM, SM and CS analyzed the data. 
ARA wrote the paper with AD and AM. 

Conflict of interest 

The authors declare that they have no conflict of interest 

References 

Anastas JN, Moon RT (2013) WNT signalling pathways as therapeutic targets 

in cancer Wat Reu Cancer 13: 11-26 
Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, 

Haegebarth A, Korving J, Begthel H, Peters PJ, et al (2007) Identification of 

stem cells in small intestine and colon by marker gene LgrS. Nature 449: 

1003-1007 

Bhattaram P, Penzo-Mendez A, Sock E, Colmenares C, Kaneko KJ, Vassilev A, 
Depamphilis ML, Wegner M, Lefebvre V (2010) Organogenesis relies on 



SoxC transcription factors for the survival of neural and mesenchymal 

progenitors. Nat Commun 1: 9 
Boltz KA, Ellis LL, Carney GE (2007) Drosophila melanogaster p24 genes have 

developmental, tissue-specific, and sex-specific expression patterns and 

functions. Deu Dyn 236: 544-555 
Buechling T, Chaudhary V, Spirohn K, Weiss M, Boutros M (2011) p24 proteins 

are required for secretion of Wnt ligands. EMBO Rep 12: 1265-1272 
Carney GE, Taylor BJ (2003) Logjam encodes a predicted EMP24/GP25 protein 

that is required for Drosophila oviposition behavior Cer^etics 164: 

173-186 

Castets M, Broutier L, Molin Y, Brevet M, Chazot G, Gadot N, Paquet A, 
Mazelin U Jarrosson-Wuilleme L, Scoazec jY, et al (2011) DCC constrains 
tumour progression via its dependence receptor activity. Nature 482: 
534-537 

Chen F, Hasegawa H, Schmitt-Ulms C, Kawarai T, Bohm C, Katayama T, Gu Y, 
Sanjo N, Glista M, Rogaeva E, et al (2006) TMP21 is a presenilin complex 
component that modulates gamma-secretase but not epsilon-secretase 
activity. Nature 440: 1208-1212 

Chen L, Qin F, Deng X, Avruch J, Zhou D (2012) Hippo pathway in intestinal 
homeostasis and tumorigenesis. Protein Cell 3: 305-310 

Clement V, Sanchez P, de Tribolet N, Radovanovic I, Ruiz 1 Altaba A (2007) 
HEDGEHOG-GLIl signaling regulates human glioma growth, cancer stem 
cell self-renewal, and tumorigenicity. Curr Biol 17: 165-172 

Clevers H, Nusse R (2012) Wnt/p-catenin signaling and disease. Cell 149: 
1192-1205 

Connolly DJ, O'Neill LA, McGettrick AF (2013) The GOLD domain-containing 
protein TMEDl is involved in interleukin-33 signaling.) Biol Chem 288: 
5616-5623 

Denzel A, Otto F, Girod A, Pepperkok R, Watson R, Rosewell I, Bergeron JJ, 
Solari RC, Owen MJ (2000) The p24 family member p23 is required for 
early embryonic development. Curr Biol 10: 55-58 

Dimitriadis A, Vincan E, Mohammed IM, Roczo N, Phillips WA, 

Baindur-Hudson S (2001) Expression of Wnt genes in human colon 
cancer Cancer Lett 166: 185-191 

Doyle SL, Husebye H, Connolly DJ, Espevik T, O'Neill LA, McGettrick AF (2012) 
The GOLD domain-containing protein TMED7 inhibits TLR4 signalling from 
the endosome upon LPS stimulation. Wot Commun 3: 707 

Dy P, Penzo-Mendez A, Wang H, Pedraza CE, Macklin WB, Lefebvre V (2008) 
The three SoxC proteins-Sox4, Soxll and Soxl2-exhibit overlapping 
expression patterns and molecular properties. Nucleic Acids Res 36: 
3101-3117 

Fernandez-L A, Northcott PA, Dalton J, Fraga C, Ellison D, Angers S, Taylor 
MD, Kenney AM (2009) YAPl is amplified and up-regulated in 
hedgehog-associated medulloblastomas and mediates Sonic 
hedgehog-driven neural precursor proliferation. Cenes Deu 23: 
2729-2741 

Freeman TJ, Smith JJ, Chen X, Washington MK, Roland JT, Means AL, Eschrich 
SA, Yeatman TJ, Deane NC, Beauchamp RD (2012) Smad4-mediated 
signaling inhibits intestinal neoplasia by inhibiting expression of 
p-catenin. Gastroenterology 142: 562-571 

Gallagher DJ, Kemeny N (2010) Metastatic colorectal cancer: from improved 
survival to potential cure. Oncology 78: 237-248 

Gao B (2012) Wnt regulation of planar cell polarity (PCP). Curr Top Deu Biol 
101: 263-295 

Gross JC, Chaudhary V, Bartscherer K, Boutros M (2012) Active Wnt proteins 

are secreted on exosomes. Not Cell Biol 14: 1036-1045 
Herr P, Hausmann G, Basler K (2012) WNT secretion and signalling in human 

disease. Trends Mol Med 18: 483-493 



© 2014 The Authors 



EMBO Molecular Medicine Vol 5 | No 7 | 2014 899 



EMBO Molecular Medicine 



Holcombe RF, Marsh JL, Waterman ML, Lin F, Milovanovic T, Truong T (2002) 
Expression of Wnt iigands and Frizzied receptors in coionic mucosa and 
in coion carcinoma. Mol Pathol 55: 220-226 

Hoser M, Potzner MR, Koch JM, BosI MR, Wegner M, Sock E (2008) 
Soxl2 deietion in the mouse reveals nonreciprocai redundancy with 
the related Sox4 and Soxll transcription factors. Mol Cell Biol 28; 
4675-4687 

Jenne N, Frey K, Brugger B, Wieiand FT (2002) Oiigomeric state and 

stoichiometry of p24 proteins in the early secretory pathway, j Biol Chem 
277: 46504-46511 

Jerome-Majewska LA, Achkar T, Luo L, Lupu F, Lacy E (2010) The trafficking 

protein Tmed2/p24beta{l) is required for morphogenesis of the mouse 

embryo and placenta. Deu Biol 34: 154-166 
Jiang X, Tan J, Li J, Kivimae S, Yang X, Zhuang L, Lee PL, Chan MT, Stanton 

LW, Liu ET, et o/ (2008) DACT3 is an epigenetic regulator of Wnt/ 

beta-catenin signaling in colorectal cancer and is a therapeutic target of 

histone modifications. Cancer Cell 13: 529-541 
Ki DH, Jeung HC, Park CH, Kang SH, Lee CY, Lee WS, Kim NK, Chung HC, Rha 

SY (2007) Whole genome analysis for liver metastasis gene signatures in 

colorectal cancer. Int J Cancer 121: 2005-2012 
Kinzler KW, Vogelstein B (1996) Lessons from hereditary colorectal cancer. 

Cell 87: 159-170 

Konsavage WM Jr, Kyler SL, Rennoll SA, Jin G, Yochum GS (2012) Wnt/ 

p-catenin signaling regulates Yes-associated protein (YAP) gene expression 
in colorectal carcinoma cells, j Biol Chem 287: 11730-11739 

Kormish JD, Sinner D, Zorn AM (2010) Interactions between SOX factors 
and Wnt/beta-catenin signaling in development and disease. Deu Dyn 239: 
56-68 

Kuiper RP, Bouw C, Janssen KP, Rotter J, van Herp F, Martens CJ (2001) 
Localization of p24 putative cargo receptors in the early secretory 
pathway depends on the biosynthetic activity of the cell. Biochem j 360: 
421-429 

Lamar JM, Stern P, Liu H, Schindler JW, Jiang ZG, Hynes RO (2012) The Hippo 
pathway target, YAP, promotes metastasis through its TEAD-interaction 
domain. Proc Natl Acad Sci USA 109: E2441-E2450 

Lippincott-Schwartz J, Yuan LC, Bonifacino JS, Klausner RD (1989) 
Rapid redistribution of Colgi proteins into the ER in cells treated with 
brefeldin A: evidence for membrane cycling from Colgi to ER. Cell 56: 
801-813 

Lorente-Trigos A, Varnat F, Melotti A, Ruiz i Altaba A (2010) BMP signaling 

promotes the growth of primary human colon carcinomas in uiuo.J Mol 

Cell Biol 2: 318-332 
Luga V, Zhang L, Viloria-Petit AM, Ogunjimi AA, Inanlou MR, Chiu E, 

Buchanan M, Hosein AN, Basik M, Wrana JL (2012) Exosomes mediate 

stromal mobilization of autocrine Wnt-PCP signaling in breast cancer cell 

migration. Cell 151: 1542-1556 
MacDonald BT, Tamai K, He X (2009) Wnt/beta-catenin signaling: 

components, mechanisms, and diseases. Deu Cell 17: 9-26 
Martinez-Morales PL, Quiroga AC, Barbas JA, Morales AV (2010) S0X5 controls 

cell cycle progression in neural progenitors by interfering with the 

WNT-beta-catenin pathway. EMBO Rep 11: 466-472 
Marzioch M, Henthorn DC, Herrmann JM, Wilson R, Thomas DY, Bergeron JJ, 

Solari RC, Rowley A (1999) Erplp and Erp2p, partners for Emp24p 

and Erv25p in a yeast p24 complex. Mol Biol Cell 10: 1923-1938 
Mehlen P, Puisieux A (2006) Metastasis: a question of life or death. Wot Reu 

Cancer 6: 449-458 
Mendoza A, Hong SH, Osborne T, Khan MA, Campbell K, Briggs J, 

Eleswarapu A, Buquo L, Ren L, Hewitt SM et al (2010) Modeling 

900 EMBO Molecular Medicine Vol 6 j No 7 j 2014 



In uiuo metastatic suppressors Arnaud Duquet et al 



metastasis biology and therapy in real time in the mouse lung, j Clin 

Inuest 120: 2979-2988 
Miller W, Ota D, Giacco G, Cuinee V, Irimura T, Nicolson C, Cleary K (1985) 

Absence of a relationship of size of primary colon carcinoma with 

metastasis and survival. Clin Exp Metastasis 3: 189-196 
Minn AJ, Gupta CP, Padua D, Bos P, Nguyen DX, Nuyten D, Kreike B, 

Zhang Y, Wang Y, Ishwaran H, et al (2007) Lung metastasis genes 

couple breast tumor size and metastatic spread. Proc Natl Acad Sci USA 

104: 6740-6745 

Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, Kinzler KW 

(1997) Activation of beta-catenin-Tcf signaling in colon cancer by 

mutations in beta-catenin or APC. Science 275: 1787-1790 
Nguyen DX, Chiang AC, Zhang XH, Kim JY Kris MG, Ladanyi M, Gerald WL, 

Massague J (2009) WNT/TCF signaling through LEFl and H0XB9 mediates 

lung adenocarcinoma metastasis. Cell 138: 51-62 
Pencheva N, Tavazoie SF (2013) Control of metastatic progression by 

microRNA regulatory networks. Wot Cell Biol 15: 546-554 
Port F, Hausmann G, Easier K (2011) A genome-wide RNA interference screen 

uncovers two p24 proteins as regulators of Wingless secretion. EMBO Rep 

12: 1144-1152 

Rinker-Schaeffer CW, O'Keefe JP, Welch DR, Theodorescu D (2006) Metastasis 
suppressor proteins: discovery, molecular mechanisms, and clinical 
application. Clin Cancer Res 12: 3882-3889 

Rosenbluh J, Nijhawan D, Cox AG, Li X, Neal JT, Schafer EJ, Zack Tl, Wang X, 
Tsherniak A, Schinzel AC, et al (2012) p-Catenin-driven cancers require a 
YAPl transcriptional complex for survival and tumorigenesis. Cell 151: 
1457-1473 

Rothbarth J, van de Velde CJ (2005) Treatment of liver metastases of 

colorectal cancer. Ann Oncol 16(Suppl 2): 11144- iil49 
Ruiz i Altaba A (2011) Hedgehog signaling and the Cli code in stem cells, 

cancer, and metastases. Sci Signal 4: pt9 
Sadanandam A, Lyssiotis CA, Homicsko K, Collisson EA, Gibb WJ, Wullschleger 

S, Ostos LC, Lannon WA, Grotzinger C, Del Rio M, et al (2013) A colorectal 

cancer classification system that associates cellular phenotype and 

responses to therapy. Nat Med 19: 619-625 
Sampieri K, Fodde R (2012) Cancer stem cells and metastasis. Semin Cancer 

Biol 22: 187-193 

Sarkar A, Hochedlinger K (2013) The sox family of transcription factors: 
versatile regulators of stem and progenitor cell fate. Cell Stem Cell 12: 
15-30 

Sawada A, Kiyonari H, Ukita K, Nishioka N, Imuta Y Sasaki H (2008) 
Redundant roles of Teadl and Tead2 in notochord development and 
the regulation of cell proliferation and survival. Mol Cell Biol 28: 
3177-3189 

Sinner D, Kordich JJ, Spence JR, Opoka R, Rankin S, Lin SC, Jonatan D, Zorn 
AM, Wells JM (2007) Soxl7 and Sox4 differentially regulate beta-catenin/ 
T-cell factor activity and proliferation of colon carcinoma cells. Mol Cell 
Biol 27: 7802-7815 

Smith JJ, Deane NG, Wu F, Merchant NB, Zhang B, Jiang A, Lu P, Johnson JC, 
Schmidt C, Bailey CE, et al (2010) Experimentally derived metastasis gene 
expression profile predicts recurrence and death in patients with colon 
cancer. Gastroenterology 138: 958-968 

Stecca B, Mas C, Clement V, Zbinden M, Correa R, Piguet V, Beermann F, Ruiz 
i Altaba A (2007) Melanomas require HEDGEHOG-CLI signaling regulated 
by interactions between GLIl and the RAS-MEK/AKT pathways. Proc Natl 
Acad Sci USA 104: 5895-5900 

Strating JR, Martens GJ (2009) The p24 family and selective transport 
processes at the ER-Colgi interface. Biol Cell 101: 495-509 

© 2014 The Authors 



Arnaud Duquet et al In uiuo metastatic suppressors 



EMBO Molecular Medicine 



Su LK, Kinzler KW, Vogelstein B, Preisinger AC, Moser AR, Luongo C, Could KA, 
Dove WF (1992) Multiple intestinal neoplasia caused by a mutation in the 
murine homolog of the APC gene. Science 256: 668-670 

Suslov ON, Kukekov VC, Ignatova TN, Steindler DA (2002) Neural stem cell 
heterogeneity demonstrated by molecular phenotyping of clonal 
neurospheres. Proc Natl Acad Sci USA 99; 14506-14511 

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from 
mouse embryonic and adult fibroblast cultures by defined factors. Cell 
126: 563-676 

Uddin S, Ahmed M, Hussain A, Abubaker J, Al-Sanea N, Abduljabbar A, Ashari 
LH, Alhomoud S, Al-Dayel F, Jehan Z, et al (2011) Cenome-wide expression 
analysis of Middle Eastern colorectal cancer reveals FOXMl as a novel 
target for cancer therapy. Am J Pathol 178: 537 - 547 

Valenta T, Hausmann C, Easier K (2012) The many faces and functions of 
p-catenin. EMBO J 31: 2714-2736 

Varelas X, Miller BW, Sopko R, Song S, Cregorieff A, Fellouse FA, Sakuma R, 
Pawson T, Hunziker W, McNeill H, et al (2010) The Hippo pathway 
regulates Wnt/beta-catenin signaling. Deu Cell 18: 579-591 

Varnat F, Duquet A, Malerba M, Zbinden M, Mas C, Cervaz P, Ruiz i Altaba 
A (2009) Human colon cancer epithelial cells harbour active 
HEDCEHOC-GLI signalling that is essential for tumour growth, recurrence, 
metastasis and stem ceii survival and expansion. EMBO Mol Med 1: 
338-351 

Varnat F, Siegl-Cachedenier I. Malerba M. Cervaz P, Ruiz 1 Altaba A (2010) 
Loss of WNT-TCF addiction and enhancement of HH-CLIl signalling 
define the metastatic transition of human colon carcinomas EMBO Mol 
Med 2: 440-457 

Van der Flier LC, Sabates-Beliver J, Oving I, Haegebarth A, De Palo M, Anti M, 
Van Gijn ME, Suijkerbuijk S, Van de Wetering M, Marra C, et al (2007) The 
intestinal Wnt/TCF signature. Castroenterology 132: 628-632 



Voloshanenko 0, Erdmann C, Dubash TD, Augustin I, Metzig M, Moffa C, 
Hundsrucker C, Kerr C, Sandmann T, Anchang B et al (2013) Wnt secretion 
is required to maintain high levels of Wnt activity in colon cancer cells. 
Nat Commun 4: 2610 

van de Wetering M, Sancho E, Verweij C, de Lau W, Oving I, Hurlstone A, van 
der Horn K, Batlle E, Coudreuse D, Haramis AP, et al (2002) The 
beta-catenin/TCF-4 complex imposes a crypt progenitor phenotype on 
colorectal cancer cells. Cell 111: 241-250 

Yu M, Ting DT. Stott SL. Wittner BS, Ozsolak F, Paul S, Ciciliano JC, Smas ME, 
Winokur D, Cilman AJ, et al (2012) RNA sequencing of pancreatic 
circulating tumour cells implicates WNT signalling in metastasis. Nature 
487: 510-513 

Zbinden M, Duquet A, Lorente-Trigos A, Ngwabyt SN, Borges I, Ruiz i Altaba A 
(2010) NANOC regulates glioma stem cells and is essential in uiuo acting 
in a cross-functional network with CLIl and p53. EMBO J 29: 2659-2674 

Zhao B, Tumaneng K, Cuan KL (2011) The Hippo pathway in organ size 
control, tissue regeneration and stem cell self-renewal. Wat Cell Biol 13: 
877-883 

Zhu R, Yang Y, Tian Y, Bai J, Zhang X, Li X, Peng Z, He Y, Chen L, Pan Q, et al 
(2012) Ascl2 knockdown results in tumor growth arrest by miRNA-302b- 
related inhibition of colon cancer progenitor cells. PLoS ONE 7: e32170 

Zorn AM, Barish CD, Williams BO, Lavender P, Klymkowsky MW, Varmus HE 
(1999) Regulation of Wnt signaling by Sox proteins: XSoxl7 alpha/beta 
and XSox3 physically interact with beta-catenin. Mol Cell 4: 487-498 



0 



License: This is an open access article under the 
terms of the Creative Commons Attribution 4.0 
License, which permits use, distribution and reproduc- 
tion in any medium, provided the original work is 
properly cited. 



© 2014 The Authors 



EMBO Molecular Medicine Vol 5 | No 7 | 2014 901 



